We used density functional theory (DFT) to examine the partitioning of ferrous iron between periclase and bridgmanite under lower mantle conditions. To study the effects of the three major variables -pressure, temperature and concentration -these have been varied from 0 to 150 GPa, from 1000 to 4000 K and from 0 to 100% total iron content. We find that increasing temperature increases K D , increasing iron concentration decreases K D , while pressure can both increase and decrease K D . We find that K D decreases slowly from about 0.32 to 0.06 with depth under lower mantle conditions. We also find that K D increases sharply to 0.15 in the very lowermost mantle due to the strong temperature increases near the CMB. Spin transitions have a large effect on the activity of ferropericlase which causes K D to vary with pressure in a peak-like fashion. Despite the apparently large changes in K D through the mantle, this actually results in relatively small changes in total iron content in the two phases, with X 
Introduction
The presence of iron and its oxidation state has a major effect on the structure and dynamics of minerals in the Earth's interior. For instance, the concentration of iron affects the density, elasticity, electrical conductivity, melting temperature and melt compositions, diffusion rates and the rheological properties of the host mineral. Iron concentrations also affect the sharpness of phase transitions (see for example pv to ppv (Catalli et al., 2009)) , and the onset and width of spin transitions. In addition, spin transitions in ferropericlase have been suggested to cause strong depletions of Fe in bridgmanite and strong enrichments in ferropericlase (e.g. (Auzende et al., 2008; Badro et al., 2003; Holmstrom and Stixrude, 2015; Lin et al., 2005; Vilella et al., 2015) ). This in turn changes the physical properties of the mantle in those areas (see for example Lin et al. (2013) ).
The lower mantle is over 90% bridgmanite (bd) and ferropericlase (fp) with typical iron concentrations of around 10% by weight. Although the partitioning of iron between these phases at pressures $20-110 GPa and at $2000-2600 K has been studied experimentally and with thermodynamic modelling a number of times (Auzende et al., 2008; Guyot et al., 1988; Katsura and Ito, 1996; Mao et al., 1997; Nakajima et al., 2012; Narygina et al., 2011; Sakai et al., 2009; Sinmyo et al., 2008) , there are still discrepancies between different studies. The partitioning reaction is defined as: 
where X a i is the mole fraction ratio of component i in phase a. All studies show that iron prefers fp to bd but there are some differences as to what degree fp is favoured. For instance, at 100 GPa and about 2000 K, K D varies between about 0.07 and 0.25 depending on the particular study in Mg 2 SiO 4 mixtures (Auzende et al., 2008; Nakajima et al., 2012; Narygina et al., 2011; Sakai et al., 2009; Sinmyo et al., 2008; Tange et al., 2009 ). There are also small differences on the effect of pressure on K D ; pressure tends to decrease K D at a rate of around 0.001-0.002 K D /GPa, but this again depends upon the particular study. Most studies only have a small temperature range but thermodynamic modelling shows that increasing temperature tends to increase K D on the order of $0.1 K D for every 1000 K (Nakajima et al., 2012) . Increasing the overall iron concentration has the effect of reducing K D (Nakajima et al., 2012) concentration and so the magnitude of this effect is subject to some uncertainty when extrapolated away from the experimental compositions.
As well as the somewhat inconsistent results from different experimental studies and the limited range of compositions and temperature in experiments which makes extrapolation difficult, additional complications arise with more realistic systems. For instance, ferric iron does not affect ferrous iron partitioning when it is monitored and removed from calculations of iron content (Frost and Langenhorst, 2002; Kesson et al., 2002; Mao et al., 1997; McCammon et al., 2004) , but the concentration of ferric iron can be affected by total iron concentration, oxygen fugacity, aluminium content and ferric and ferrous spin transitions and thus can drastically vary K D (Fujino et al., 2014; Nakajima et al., 2012; Prescher et al., 2014; Sinmyo and Hirose, 2013) . In addition, spin transitions in both bd and fp are known to affect iron partitioning (Auzende et al., 2008; Fujino et al., 2014; Irifune et al., 2010; Nakajima et al., 2012; Prescher et al., 2014; Sakai et al., 2009; Sinmyo and Hirose, 2013) and so the spin state needs to be known when extrapolating to different conditions. Pyrolitic compositions, as opposed to Mg 2 SiO 4 compositions, tend to have larger K D values of around $0.4-1 (Fujino et al., 2014; Irifune et al., 2010; Prescher et al., 2014; Sinmyo and Hirose, 2013) .
In this work we use DFT methods to calculate the partitioning of Fe 2+ between ferro-periclase and bridgmanite. This method has the benefit of being free from the issues of ferric iron contamination, and spin states can be explicitly known and varied. We can also examine the effect of large concentrations of iron on K D , which are potentially important in some regions of the mantle (Bower et al., 2011; Dobson and Brodholt, 2005; Mao et al., 2006; Muir and Brodholt, 2015a; Wicks et al., 2010) . Moreover, we can also study higher pressures and temperature than have been achieved experimentally before (up to 150 GPa and 4000 K).
Methods

Theoretical details
All simulations were carried out with the DFT code VASP (Kresse and Furthmuller, 1996) using the projector-augmentedwave (PAW) method (Kresse and Joubert, 1999) and the PBE formulation of GGA corrected for solids (Perdew et al., 2008 were also tested and the results are similar. To account for GGA's inability to correctly reproduce iron spin states we used a GGA+U functional with Hubbard U parameters set to 3 eV. This value has been estimated for fp from optical spectroscopy (Goncharov et al., 2006) and has been used theoretically to produce spin crossovers similar to experiments (Persson et al., 2006) . A slightly smaller value (2.5 eV) has also been used to replicate experimental results (Holmstrom and Stixrude, 2015) . Similarly this same value has been used to replicate experimental spin crossovers in bd (Huang and Pan, 2012) . For ferropericlase we used a cubic 64 atom unit cell (2a*2a*2a) and for bridgmanite an 80 unit cell (2a*2b*c). To calculate the variation in free energy of reaction 1, both enthalpies and entropies have to be determined.
Enthalpies were determined statically (i.e. at 0 K) with an energy cutoff of 850 eV, 6 Â 6 Â 6 k points and self-consistent runs that were relaxed to within 10 À6 eV.
Molecular dynamics (MD) simulations were run to obtain properties at high T using an NVT ensemble with the Nosé thermostat (Nose, 1984) and with Nosé frequencies of $20 THz. MD calculations were run at the gamma point with a cutoff of 500 eV, relaxation to within 10 À4 eV and were run for 10 ps. The electronic entropy was determined directly from VASP. Magnetic entropy was determined using Eq. (2):
where R is the gas constant and l is the average absolute magnetic moment of an individual iron atom determined from VASP. Note that this does not contain a term for magnetic degeneracy since that is already contained in the electronic entropy. It is assumed that iron states are fully paramagnetic.
To determine vibrational entropy contribution to fp and bd we used thermodynamic integration with the blue-moon algorithm in VASP (Bucko, 2008) . This calculates the difference between two states (here different temperatures) by calculating the freeenergy gradient along a constrained reaction path. This is done by calculating the restoring force between the constrained and unconstrained reaction path. The restoring force is then integrated to give a free energy difference between the initial and final state. The reaction path constraints were placed on the Fe-O and Fe-Fe bond lengths in iron-bearing systems and Mg-O and Mg-Mg in iron-free systems, as these lengthen upon heating. However, the choice of reaction path is irrelevant when calculating the free energy between 2 final states as the free energy is a state function. At each temperature, pressure and composition (i.e. concentration of Fe) investigated, the free energy was calculated between a system (fp or bd) at 0 K and the same system at the temperature of interest using 6 image paths (different temperatures) and the path energies were integrated to give a vibrational free energy difference (DG) between the 0 K and the heated system. This is fundamentally identical to calculating the variation of heat capacity divided by temperature between fp and bd systems.
Calculating K D
The enthalpy and entropy were determined for Fe x Mg 1Àx O and Fe x Mg 1Àx SiO 3 with x = 0, 0.25, 0.5, 0.75 and 1 at 30, 60, 90, 130 and 150 GPa and at 1000, 2000 and 4000 K. Fp calculations involve a mixed spin state and the method of calculating the free energy of this state is outlined in Muir and Brodholt, 2015a . As calculating the free energy of every possible arrangement of iron in each concentration would be computationally onerous, all calculated arrangements had iron at the maximum separation from each other and it is assumed that the possible formation of iron clusters does not overly affect the partitioning (atom positions at 0 GPa are included in File S1 and S2).
Once enthalpy and entropies of fp and bd systems were obtained the K D of Reaction 1 was calculated with Eq. (3):
where R is the gas constant, T is temperature, ÀDG 0 P;T is the standard state Gibbs free energy change between the end members at the pressure, temperature and composition of interest and includes magnetic, vibrational and electronic entropy, and c a i is the activity coefficient of Fe or Mg in either phase and accounts for the nonideality of Fe-Mg mixing in each solid solution.
To calculate the activity coefficients we first calculated a set of Margules parameters (Walas, 1985) using the equation:
where Gmix is the difference in energy between a linear mixture of FeO and MgO (or FeSiO 3 where appropriate substitutions can be made to determine all 4 activity coefficients. Eq. (3) was then solved with the assumption that the total amount of iron in the system is conserved.
Results
The partitioning of iron between fp and bd depends upon the enthalpy of formation, entropy variations and non-ideal mixing factors. These factors, however, all depend upon the spin-state of the ferrous iron which can either be high spin (S = 2) or low spin (S = 0) in both fp and bd. Thus the spin states of iron in the various systems must first be calculated.
Spin states
As outlined in Muir and Brodholt (2015b) we find ferrous iron in bridgmanite to be high spin for all mantle pressures/temperatures and for all iron concentrations. We shall therefore, treat ferrous iron in bridgmanite as high spin.
Ferrous iron in fp is more problematic due to the welldocumented presence of mixed-spin states at mantle conditions (Lin et al., 2013) . As outlined and using the method in Muir and Brodholt (2015a) , we predict the presence of a mixed spin state which contains both high and low spin iron for all iron concentrations at lower mantle pressures and temperatures. Fig. 1 shows some of the ratios of high spin to low spin in fp against the three controlling variables-temperature, pressure and total iron concentration. Increasing temperature or iron concentration increases the amount of high spin iron, whereas increasing pressure increases the amount of low spin iron in fp. The ÀDS/DV value is 0.016 in GPa/K which is similar to the values of 0.015-0.017 found in Fukui et al. (2012) , and slightly lower than the value of 0.012 in Holmstrom and Stixrude (2015) ; the slightly smaller value makes sense as Holmstrom and Stixrude (2015) included an additional term for nonideal mixing between high and low spin iron.
Enthalpy
The enthalpy and volume change of reaction 1 is shown in Fig. 2 . The enthalpy change depends upon the spin state of Fe in the ferropericlase phase. With Fe in fp fixed in the low spin state, enthalpy acts to favour iron in the bd phase below 25 GPa and in the fp phase above 25 GPa. When Fe spin in fp is fixed in the high spin state or when the spin is allowed to find its own state (spins being a mixture of high and low spin), enthalpy favours iron in the fp phase at all pressures. With increasing pressure, iron increasingly prefers the fp phase as the reactants of reaction 1 are denser than the products of reaction 1. We find a consistent increase in the density change of reaction 1 with pressure, unlike the values predicted in Nakajima et al. (2012) where the volume change of the reaction was independent of pressure.
The enthalpy values in Fig. 2 are for the iron end members (x = 1 in Fe x Mg 2Àx SiO 4 ). With decreasing iron concentration (x = 0.25 and x = 0.5) there is a roughly linear decrease in DH. This acts to decrease K D with increasing iron concentration. Lowering the Fe concentration also stabilises the low spin state in fp, which will slightly affect the shape of the K D curve (see below).
Entropy
The entropy contributions to reaction 1 as a function of pressure are shown in Fig. 3 . Electronic entropy varies slightly between fp and bd, but has a negligible effect on the overall K D and is not shown in Fig. 3 . The magnetic entropy is 0 for low spin ferrous iron and Mg and $0.1 meV/f.u. for high spin ferrous iron. Magnetic entropy differences between FeO and FeSiO 3 are therefore only significant when FeO is mostly low spin. This can be seen at the high pressure end of Fig. 3 where the magnetic entropy difference of the reaction approaches a maximum of $0.1 meV/f.u. With lower concentrations of iron this maximum is reached at a lower pressure due to the decreased spin transition pressure, but the maximum entropy difference also decreases in a linear fashion depending upon the amount of iron present. Both of these factors, however, are much smaller than the differences in the vibrational entropy. Vibrational entropy differences have a complicated relationship between pressure, spin state and temperature. At 1000 K, vibrational entropy acts to stabilise the products of reaction 1 above 50 GPa. This behaviour, however, changes strongly with temperature and above 2000 K, vibrational DS switches sign. The differences in vibrational entropy are strongly amplified by pressure.
Decreasing the iron concentration decreases the magnitude of vibrational entropy linearly. Slight changes to the vibrational entropy of FeO due to varying high and low spin ratios in FeO are minimal compared to vibrational entropy differences between FeO and MgO and FeSiO 3 -bd.
While the calculation of entropy differences is more accurate than the calculation of absolute entropies -due to cancellation of errors from choice of exchange-correlation functional for instance -it is still worth comparing our entropies with those available in the literature. These are shown in Fig. 4 for bridgmanite (Metsue and Tsuchiya, 2012) and MgO (Scanavino et al., 2012) . The literature values are obtained via lattice dynamics, while ours use MD and thermodynamic integration as described above. Nevertheless, there is a satisfying agreement and as can be seen, the entropies agree within statistical error. Differences between our results and those of the literature increase as temperature increases. This is to be expected as anharmonic effects which are not included in lattice dynamics techniques will increase with temperature. Table S1 ) shows the calculated Margules parameters for bd and fp. As can be seen, the fp Margules parameter increase considerably with pressure, something that is not captured in previous low pressure (25 GPa) results (Fei et al., 1991; Frost, 2003) . Above about 50 GPa the non-ideality in the mixing of Mg and Fe in fp becomes increasingly important due to the spin states of fp.
Non-ideality
The large effect of the spin transition also prevents the use of symmetric Margules parameters above around 25 GPa, in response to the temperature dependence of the spin transition. There is no spin transition in bd and so the Margules parameters for bd are much smaller than those of fp and have a much less important role in determining K D . is driven upwards by pressure due to activity effects, after the spin transition K D is driven downwards due to the combined effect of activity and the energy/volume change of the reaction. In other words, without the spin transition K D would increase until Fe is partitioned equally between bridgmanite and ferropericlase. The fact that pressure and spin act in an opposite way means that K D does not change much through the mantle (see Fig. 6 ), except in the lowermost mantle where very low values of K D are found. Similar behaviour has been seen for pyrolitic compositions (Irifune et al., 2010) and possibly for pv/bd mixtures (Auzende et al., 2008) . For high iron concentrations (x = 0.75) the activity behaviour is reversed and so K D peaks show the opposite behaviour (initially decreasing and then increasing with pressure), though the peaks are much shallower in these cases as activity becomes less important compared to enthalpy with increasing iron concentration.
Partitioning
Increasing the temperature increases K D for all compositions and pressures. This is as expected and is caused by the vibrational entropy effects outlined above, together with the entropy of mixing driving Fe into both phases. A final temperature effect is that of temperature on the spin states of fp.
The total amount of iron in the system also affects K D , with K D increasing with decreasing amounts of total iron. The peak in K D also moves with iron concentration, depending on how the spin transition changes with concentration.
To demonstrate the effect of non-ideality on K D , Fig. 6 also shows calculations with the Margules parameters set to 0. As can be seen the general trend is similar, and the effect of non-ideality is to vary the shape of the K D vs pressure. It has been shown that when starting from olivine, equilibrium partitioning occurs in under 10 min (Martinez et al., 1997 ) so these differences are unlikely to be related to diffusion. On the other hand, it has been shown in Sinmyo et al. (2008) that small scale heterogeneities in olivine can cause large errors in K D on a scale similar to the experimental spread.
Also shown in Fig. 7 is K D along a mantle geotherm for a Mg 2Àx Fe x SiO 4 fp/bd mixture with x = 0.2 (10% iron concentration). Throughout most of the lower mantle K D decreases with depth from 0.32 to 0.06. From 2550-2890 km, where the geotherm includes a sharp temperature rise to $4000 K, there is a corresponding sharp rise in K D to about 0.15 at the CMB.
The concentrations of Fe in fp and bd steadily increase and decrease respectively throughout the lower mantle (Table 1) At very high concentrations ($100%) of iron, K D should be below 0.01 under all conditions, and almost all iron partitions into fp. These results support highly-iron enriched ULVZs suggested in Muir and Brodholt (2015a) , which required strong iron partitioning into fp.
Conclusions
We have examined the partitioning of ferrous iron between ferropericlase and bridgmanite for all mantle pressures and temperatures, and over a large range in total iron content. In agreement with all experimental data, we find that ferrous iron prefers ferropericlase to bridgmanite. We find that spin transitions have a large effect on the response of K D to pressure. . Although the exact nature of spin transitions in Fe 3+ in bridgmanite are still not totally resolved, recent studies suggest that this spin transition could also affect the partitioning of ferric iron between ferropericlase and bridgmanite (Fujino et al., 2014; Prescher et al., 2014; Sinmyo and Hirose, 2013) . We have yet to calculate the portioning of ferric iron between these phases and this remains a fruitful line of further research.
